Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium strains, collectively known as rhizobia (59), are capable of inducing the formation of specialized symbiotic organs called nodules on the roots or stems of particular leguminous host plants. Specific diffusible plant and bacterial metabolites (i.e., flavonoids and lipo-chitooligosaccharides, respectively) trigger the first steps of the nodulation process (20, 21) . The rhizobia colonize the central nodular tissues by means of a complex infection process, leading to the formation of a highly efficient N 2 -fixing association (7, 60). Surface polysaccharides, including lipopolysaccharides (LPSs), are involved in the normal infection process of all rhizobial associations studied so far (28, 35). Rhizobia nodulating hosts that form determinate nodules, such as beans (Phaseolus vulgaris) and soybeans (Glycine max), require an intact LPS structure for complete nodule development and N 2 fixation (29, 38). All transposon insertion mutants of Rhizobium etli, Bradyrhizobium japonicum, and B. elkanii isolated so far that are affected in LPS synthesis fail to form normal infection threads. Their growth is blocked either in the root hairs or in the underlying cortical cells. These mutants have never been observed to be released into symbiosomes (37, 55), eliciting incompletely developed nodules that do not fix N 2 (Ndv Ϫ Fix Ϫ phenotypes).
Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium strains, collectively known as rhizobia (59) , are capable of inducing the formation of specialized symbiotic organs called nodules on the roots or stems of particular leguminous host plants. Specific diffusible plant and bacterial metabolites (i.e., flavonoids and lipo-chitooligosaccharides, respectively) trigger the first steps of the nodulation process (20, 21) . The rhizobia colonize the central nodular tissues by means of a complex infection process, leading to the formation of a highly efficient N 2 -fixing association (7, 60) . Surface polysaccharides, including lipopolysaccharides (LPSs), are involved in the normal infection process of all rhizobial associations studied so far (28, 35) . Rhizobia nodulating hosts that form determinate nodules, such as beans (Phaseolus vulgaris) and soybeans (Glycine max), require an intact LPS structure for complete nodule development and N 2 fixation (29, 38) . All transposon insertion mutants of Rhizobium etli, Bradyrhizobium japonicum, and B. elkanii isolated so far that are affected in LPS synthesis fail to form normal infection threads. Their growth is blocked either in the root hairs or in the underlying cortical cells. These mutants have never been observed to be released into symbiosomes (37, 55) , eliciting incompletely developed nodules that do not fix N 2 (Ndv Ϫ Fix Ϫ phenotypes).
LPS is a major and distinctive molecular component of the outer membranes of gram-negative bacteria, and lipid A, the hydrophobic moiety of LPS, forms much of the outer leaflet of the outer membrane. It is composed of an acylated disaccharide that is differently substituted in rhizobia and enteric bacteria. Attached to this disaccharide is a nonrepeating core oligosaccharide (core OS), the lipid A-proximal portion of which is conserved in structure among related bacterial species (52) . The LPS core region is also highly conserved between R. etli and R. leguminosarum strains, and both contain two core OS components that are released by mild acid hydrolysis. These are generally referred to as the core trisaccharide (␣- (4, 23) , and they are easily separated by high-performance anion-exchange chromatography (HPAEC) (14) . The lipid A moiety linked to the core OS constitutes the rough LPS (R-LPS), because mutant strains producing only R-LPS display a characteristically rough (less glossy) colony appearance. The R-LPS is often capped by a hydrophilic O-antigen polysaccharide (O-PS), forming a mature LPS molecule termed smooth LPS (S-LPS). The O-PS is usually the most variable component of the LPS, being strain specific in Rhizobium and Bradyrhizobium strains, although not in Sinorhizobium spp. (22, 40) . The variability results primarily from differences in the sugar composition of the repeating units, as is the case for the members of the family Enterobacteriaceae (65) . Other variable factors include the repeat unit size, the linkages between the monosaccharide components, and the presence of noncarbohydrate substituents.
The genetics of LPS biosynthesis in rhizobia has been only partially investigated, in contrast to the abundant information on pathogenic Enterobacteriaceae. In these and many other bacteria, the genes involved in O-chain and core biosynthesis are clustered on the chromosome, forming the wb* (formerly rfb) and wa* (formerly rfa) regions, respectively (40, 42) . This is not the case for R. etli and R. leguminosarum strains; at least three major genetic regions encoding enzymes involved in LPS biosynthesis have been identified in R. etli CFN42 T (ϭCE3) (38) . Two of these lps regions, termed ␣ and ␥ regions, are located at distinct loci on the chromosome (15, 16, 38) , and a third region, called ␤-lps, is plasmid borne (8, 16, 38) . The large ␣-lps region is involved both in O-PS and core OS biosynthesis (12, 15) , whereas the ␤-lps region encodes enzymes thought to be involved in core OS synthesis (15, 24) . Poole et al. (39) and Allaway et al. (1) reported on the presence of a distinct locus in Rhizobium leguminosarum bv. viciae involved in LPS core OS synthesis that is not complemented by cosmid DNA from any of the ␣, ␤, ␥ regions of R. etli CFN42; it was, however, complemented with cosmid gene libraries derived from R. leguminosarum bv. viciae and R. leguminosarum bv. phaseoli. This R. leguminosarum-specific LPS locus was named ␦-lps. Currently no sequence or enzymatic data are available for Rhizobium spp. functions involved in O-PS synthesis. Here we report on a novel plasmid-borne and strain-specific LPS locus of R. etli KIM5s involved in the synthesis of the variable O-PS of the LPS.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains used in this work are listed in Table 1 . Rhizobial strains were grown in PY (36) at 28°C or on the minimal medium (MM) described by Kingsley and Bohlool (30) . Escherichia coli strains were grown in antibiotic medium no. 3 (PA; Oxoid) at 37°C. Antibiotics were added at the following concentrations: ampicillin (Ap), 75 g ml Ϫ1 ; kanamycin (Km), 50 and 75 g ml Ϫ1 for E. coli and Rhizobium strains, respectively; spectinomycin (Sp) and streptomycin (Sm), 50 and 75 g ml Ϫ1 , respectively, for rhizobial strains and 50 g ml Ϫ1 for E. coli strains. Plasmids used in this work are listed in Table 2 .
Transposon mutagenesis and conjugal transfer of plasmids. Derivatives of R. etli KIM5s carrying mTn5SSgusA30 insertions were obtained after biparental matings using E. coli S17-1 -pir (19) transformed with pCAM130 (66) as the donor strain. Matings were carried out on nitrocellulose filters for 16 h on PY plates at 30°C. Selection of mTn5 insertion mutants was achieved by plating appropriate dilutions on MM containing Sp and Sm. The conjugal transfer of pRePV7.2CMCS-21 into strain KIM-G1 was performed as described above, using E. coli S17-1 (53) as the donor strain, selecting the transconjugants on MM containing Km and Sm.
Cloning of the mTn5 insertion of strain KIM-G1. Genomic DNA of KIM-G1 was extracted from broth cultures in late exponential phase by using a standard cetyltrimethylammonium bromide protocol (3). Purified DNA was digested with ClaI and XhoI and then vacuum transferred onto nylon membranes by the method of Southern (54) . The Southern blots were probed with a gusA-specific, digoxigenin (DIG)-labelled PCR probe derived from pPVgusAESK, using the T3/T7 primers and a DIG-PCR labelling kit (Boehringer GmbH, Mannheim, Germany) as recommended by the manufacturer. Hybridization and posthybridization washings were performed under stringent conditions (68°C and 0.1ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) and signal detection was performed by using anti-DIG Fab fragments coupled to alkaline phosphatase with colorimetric detection as instructed by the manufacturer (Boehringer). To clone the hybridizing fragments, about 20 g of genomic DNA from strain KIM-G1 was restricted with ClaI and XhoI and fractionated on a low-meltingpoint agarose gel (Biozym, Hess. Oldendorf, Germany), purifying the DNA from appropriate gel fractions by enzymatic digestion of the agarose with an agarase (GELase; Epicentre Technologies). The purified DNA was ligated to pBluescript SKϩ with T4 ligase (USB-Amersham) and used to transform CaCl 2 -competent E. coli DH5␣ cells (49) , selecting transformants resistant to Ap, Sp, and Sm.
Generation and screening of a partial genomic library of R. etli KIM5s sizefractionated DNA fragments. Plasmids pRePV1 and pRePV2 (see Fig. 3B ) were chosen to generate DIG-labelled PCR probes (KIM-P#1 and KIM-P#2, respectively), using the T3/T7 primers, as described above. Probe KIM-P#1 was used to screen Southern blots of genomic DNA from wild-type KIM5s restricted with ClaI. To clone the hybridizing fragment, about 20 g of genomic DNA of KIM5s was restricted with ClaI and fractionated on a low-melting-point agarose gel, and the DNA of the size fraction corresponding to the hybridization signal was purified as described above. This pool of DNA fragments was ligated into dephosphorylated pBluescript SKϩ and used to transform E. coli DH5␣. All transformants were streaked out in an ordered manner for colony lifting, using nylon membranes as recommended by the manufacturer (Boehringer). The membranes were screened with the internal 850-bp HindIII fragment from KIM-P#1, which had been gel purified. This purification step was required to remove the flanking vector sequences. Stringent hybridization and detection were performed as described above.
Filter blot hybridization of rhizobial plasmid profiles. Plasmid profiles of selected rhizobial strains were visualized by the method of Hynes and MacGregor (26), using 0.6% horizontal agarose gels. Plasmids were blotted onto nylon membranes by capillary transfer (49) . Hybridization with probe KIM-P#1 was performed as described above, using a chemiluminescence detection system with CDP-Star (Boehringer). 
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DNA sequencing. Subclones of pRePV7.2CSK were made in pBluescript SK, and both strands of the resulting plasmids were subjected to cycle sequencing in a Gene Amp 2400 thermocycler (Perkin-Elmer), using IRD-labelled T3/T7 primers (MWG-Biotech, Ebersberg, Germany) and a Thermosequenase fluorescent labelled primer cycle sequencing kit with 7-deaza-dGTP (Amersham International, Braunschweig, Germany), based on the dideoxy-chain termination method of Sanger et al. (50) , as instructed by of the manufacturer. The cycle sequencing products were resolved, and the sequences were automatically read by using a model 4000 Li-COR automatic DNA sequencer and the corresponding sequence reading and editing software (MWG-Biotech).
Analysis of nucleotide and amino acid sequences. Contig assembly, sequence editing, identification of open reading frames (ORFs), and determination of potential coding sequences and deduced amino acid sequences were carried out with GeneCompar version 2.0 (Applied Maths, Kortrijk, Belgium). A remote search for potential promoter regions was performed at the Neural Network for Promoter Prediction (NNPP) server (41) . Remote searches for sequence similarities were performed at the National Center for Biotechnology Information server, using the different BLAST programs (2) . Multiple alignments of amino acid sequences were performed with GeneCompar. Hydrophobic cluster analysis (HCA) plots of protein sequences were obtained from the HCA server, using DRAWHCA (10) .
DOC-PAGE analysis of crude LPS extracts. Crude LPS extracts were prepared from late-log-phase bacterial cultures by extraction of cell pellets with hot phenol-water as described elsewhere (11) . The extracts were fractionated by electrophoresis on 18% polyacrylamide gels (PAGE) assembled in the Bio-Rad (Richmond, Calif.) minigel casting system, using deoxycholic acid (DOC) as the detergent for dissociating hydrophobic LPS aggregates, as described by Krauss et al. (32) . Gels were silver stained by the procedure of Tsai and Frasch (58) . To visualize capsular polysaccharides (KPS), an alcian blue prestain (18) is required prior to silver staining (43) .
HPAEC-PAD of the LPS core OS. The extracted polysaccharides were subjected to mild acid hydrolysis in 1% acetic acid for 1 h at 105°C (12) . The lipid A precipitate was removed by centrifugation, and the supernatant containing the water-soluble polysaccharides and oligosaccharides, including the core fragments and O-PS, was analyzed by HPAEC on a Carbo Pac PA-1 column (Dionex) equipped with pulsed amperometric detection (PAD), as described elsewhere (12) .
Purification and analysis of LPS oligosaccharides. The extraction and purification protocols used are presented in previous reports (43, 44) . The cell pellets from 2-liter cultures were extracted with hot phenol-water. The aqueous phase was fractionated by size exclusion chromatography over Sephadex G-150 superfine (Pharmacia, Uppsala, Sweden), and the column was eluted with 0.2 M NaCl-1 mM EDTA-10 mM Tris base-0.25% deoxycholic acid (pH 9.25). The fractions (2 ml) were assayed colorimetrically for Kdo by the thiobarbituric acid (TBA) assay (63) and for uronic acid by the hydroxybiphenyl assay (5); LPScontaining fractions were positively identified by PAGE analysis. The LPScontaining fractions were then pooled, dialyzed, and freeze-dried (43) , and the LPS pools were subjected to mild acid hydrolysis (1% acetic acid, 100°C, 90 min) followed by centrifugation to remove the insoluble lipid A. The oligosaccharides were separated by gel filtration on Bio-Gel P-2 (Bio-Rad), using 50 mM ammonium formate (pH 5) as an eluent. The fractions were assayed for Kdo as described above, and the pools were freeze-dried several times to remove the ammonium formate.
Glycosyl composition and linkage analyses.
Glycosyl residue compositions were determined by gas chromatography-mass spectrometry (GC-MS) analysis of the trimethylsilyl methyl glycoside derivatives (68), using a 30-m DB-1 fused silica column (J&W Scientific, Folsum, Calif.) on a 5890A GC-MSD apparatus (Hewlett-Packard, Palo Alto, Calif.). The location of endogenous O-Me groups was determined by GC-MS analysis of the alditol acetate derivatives, using a 30-m SP-2330 column (Supelco). Inositol was used as an internal standard, and retention times were compared to authentic monosaccharide standards.
Plant nodulation assays. P. vulgaris cv. Saxa seeds (Kornhaus Cölbe, Germany) were surface sterilized and germinated as described elsewhere (61a). Inoculum was derived from exponentially growing batch cultures that were diluted in N-free LN leguminous nutrient solution (64) to reach about 5 ϫ 10 6 CFU ml
Ϫ1
. Seedlings were dipped into this suspension and transplanted to growth pouches filled with N-free LN nutrient solution. Cultivation took place in a controlled-environment chamber (15 h of light and 9 h of darkness at 25 and 18°C, respectively, and 75% relative humidity) for 21 days.
Nucleotide sequence accession number. The 2,709-bp sequence described in this work has been deposited at GenBank nucleotide sequence database under accession no. AF127522.
RESULTS

R. etli KIM-G1 is an R-LPS mutant.
Strain KIM-G1 is a prototrophic mTn5 insertion derivative of wild-type strain KIM5s. It was identified as a putative LPS-defective mutant on PY or 20E plates (36, 64) due to its rough colony appearance and tendency to flocculate (autoagglutinate) in liquid culture. It elicited few small, round, white nodules on P. vulgaris cv. Saxa that did not reduce acetylene (data not shown). In addition, no bacteroids could be recovered from these structures, suggesting that strain KIM-G1 did not infect them. These phenotypic traits of R. etli mutants are commonly associated with defective LPS production (38) . This was confirmed by comparative DOC-PAGE analysis of hot phenol-water extracts of cell-associated polysaccharides from R. etli KIM5s and its derivative KIM-G1. Figure 1A shows an alcian blue/silverstained gel loaded with these extracts. The wild-type strain yielded a disperse band that represents R-LPS and several forms of S-LPS containing sequential degrees of polymerization (DPs) of the O antigen. KIM5s seems to display a regulated (modal) distribution of O-antigen chain lengths since the LPS molecules with two attached O units are consistently produced in lower quantity than molecules containing one, three, or four repeating units, as deduced from the relative band intensities revealed by DOC-PAGE (Fig. 1) . In contrast, strain KIM-G1 displayed only the R-LPS band, which had the same electrophoretic mobility as the parental strain. Interestingly, strain KIM-G1, but not KIM5s, appears to produce high-molecular-weight KPS which is visible only with alcian blue prestaining (43) , migrating slower than the S-LPS bands of the wild type and displaying a characteristic ladder pattern with multiple bands (Fig. 1A) . This product was not examined further. (12, 13, 27, 29) . In addition, composition analysis of the Sephadex G-150-purified R-LPS indicated that the mutant produced all of the glycosyl residues associated with the core oligosaccharides. This demonstrates that KIM-G1 is competent to synthesize an intact LPS core.
HPAEC and composition analysis of purified LPS from
Purification and analysis of the O antigen from strain KIM5s. As the mutant did not produce any detectable O antigen (by PAGE), subsequent studies focused on the O antigen of the wild-type strain. The S-LPS of strain KIM5s was isolated by size exclusion chromatography on Sephadex G-150 (data not shown) and subjected to mild acid hydrolysis. The insoluble lipid A was removed by centrifugation, and the released oligosaccharides, both core and O antigen, were then separated on Bio-Gel P2 (Fig. 2) . The TBA assay (for Kdo) yielded three major peaks; peaks P2-2 and P2-3 were shown by HPAEC and composition analysis to contain the tetrasaccharide and trisaccharide from the LPS core and were not studied further. P2-1 (fractions 17 to 60) contained the higher-molecular-weight oligosaccharides, and the broad elution suggested a significant degree of heterogeneity in size; PAGE analysis also showed that the O antigen is heterogeneous in size (Fig. 1 ). An aliquot of pool P2-1 (fractions 17 to 60) was examined by HPAEC, which confirmed that there was no detectable core oligosaccharides in that preparation (data not shown). Therefore, pool P2-1 contained only O-antigen oligosaccharides.
Composition analysis of pool P2-1 showed a complex array of glycosyl components; however, five sugars accounted for 81% of the detected carbohydrate. This fraction included Glc, Man, GalA, 3-O-Me-6-deoxytalose, and Kdo in approximately a 2:1:1:1:1 molar ratio, and this most likely represents the repeating unit that yields the ladder pattern on the polyacrylamide gel (Fig. 1 ). There were lesser amounts of five other sugars: GlcNAc, Fuc, Xyl, Gal, and quinovosamine constituted the remaining 19% of the detected carbohydrates. This indicates that these glycosyl residues are not part of the repeating unit but are present in an inner O-antigen oligosaccharide or an oligosaccharide cap at the nonreducing terminus of the O antigen, as has been found in the LPSs of other Rhizobium spp. strains (10a, 23, 28) .
Cloning of the mTn5SSgusA30 insertion of strain KIM-G1 and of a wild-type fragment spanning the insertion site. Enzymatic digestion of the genomic DNA of KIM-G1 with ClaI and XhoI followed by Southern hybridization analysis with a gusA-specific probe indicated that a single transposon insertion had taken place, yielding single hybridization signals of about 8.5 and 11.5 kb, respectively (data not shown). The ClaI fragment was cloned in pBluescript SK, yielding pRePV-KG1, which confers Ap, Sm, and Sp resistance (Fig. 3A) . Restriction mapping of this plasmid together with Southern hybridization analysis indicated that about 3.8 kb of genomic DNA from KIM-G1 adjacent to the I border (19) of the mTn5 insertion were cloned in pRePV-KG1 (data not shown). The 3.8-kb fragment was subcloned as an EcoRI fragment in pBluescript SK to yield pRePV1. This plasmid was the source for pRePV2, which has the 1.3-kb XbaI fragment adjacent to the I border cloned as an EcoRI-XbaI fragment (Fig. 3B) . The cloned fragments were DIG labelled, and the resulting probes were named KIM-P#1 and KIM-P#2, respectively (Fig. 3B) . A partial genomic DNA library of ClaI size-fractionated DNA frag-
FIG. 1. DOC-PAGE analysis of crude hot phenol-water extracts of cellassociated polysaccharides from wild-type R. etli KIM5s and its mTn5 insertion derivative KIM-G1. (A) Alcian blue/silver-stained gel loaded with the indicated volumes of extract, revealing the S-LPS phenotype of KIM5s and several DPs of the O unit (S-LPS). KIM-G1 exhibits only R-LPS, lacking the O-PS. KIM-G1
, but not its parental strain, produces a high-molecular-weight polysaccharide that stains specifically with alcian blue, migrating as a ladder pattern. This product most probably corresponds to acidic Kdo-rich KPS. (B) Silver-stained LPSs produced by strains KIM5s, KIM-G1, and the complemented strain KIM-G1/ pRePV7.2CMCS-21. Synthesis of an intact O antigen is restored in the complemented strain.
FIG. 2. Elution profile of purified and hydrolyzed LPS core and O-antigen
regions from strain KIM5s separated on a Bio-Gel P2 column. Peaks P2-2 and P2-3 were shown by HPAEC and composition analysis to contain the tetrasaccharide and trisaccharide from the LPS core. The P2-1 pool (fractions 17 to 60) contained the high-molecular-weight oligosaccharides corresponding to the O antigen. Its broad elution suggests that the O polysaccharide is heterogeneous in size.
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ments from R. etli KIM5s around 7 kb in size was screened with probe KIM-P#2, yielding clone pRePV7.2CSK (Fig. 3C) .
Complementation of KIM-G1 with pRePV7.2CMCS-21. The recombinant plasmid pRePV7.2CSK carries a 7.2-kb DNA fragment from KIM5s spanning the insertion site of KIM-G1, as determined from sequence analysis (Fig. 3C ). This wild-type DNA fragment was subcloned into the broad-host-range cloning vector pBBR1MCS-2 (31), yielding pRePV7.2CMCS-21 and pRePV7.2CMCS-22, respectively, depending on the insert orientation. E. coli S17-1 was transformed with pRePV7.2CMCS-21, which has the gene disrupted by the mTn5 insertion oriented in the opposite direction to the lacZ promoter of the vector and was conjugally transferred into KIM-G1. Strain KIM-G1/pRePV7.2CMCS-21 recovered the glossy colony morphology of the parental strain and did not flocculate when grown in liquid culture (data not shown), suggesting that the wild-type LPS had been restored in the complemented strain. This inference was confirmed by DOC-PAGE analysis of LPS extracts of KIM-G1/pRePV7.2CMCS-21, as shown in Fig. 1B . Finally, strain KIM-G1/pRePV7.2CMCS-21 was capable of full and effective nodulation on P. vulgaris cv. Saxa (data not shown). Sections of the nodules formed by the complemented strain presented the reddish color characteristic of leghemoglobin-containing N 2 -fixing nodules. These nodules had specific nitrogenase activities comparable to that of nodules occupied by the wild-type strain, as measured by the acetylene reduction assay (data not shown).
The mTn5 inserted in a glycosyltransferase (GT) locus. The 2,709-nucleotide (nt) sequence spanning the site of insertion in strain KIM-G1 (Fig. 3C ) encodes three ORFs, ORF2, ORF3, and ORF4, which most likely form a single transcriptional unit. The mTn5 insertion was found in ORF3.
The start codon ATG of ORF2 is located 279 nt downstream of the stop codon of ORF1 (not discussed in this report). NNPP (41) located two putative promoter sequences (Fig. 3D) with high correlation coefficients (r ϭ 0.9) within this intergenic region. ORF2 is 816 nt long, encoding a 29.7-kDa protein of 272 amino acids (aa). A potential 5Ј-AAG-3Ј ribosomal binding site (RBS) was located 7 nt upstream of the putative ATG start codon. The highest similarities of ORF2 were displayed to (Mycobacterium tuberculosis EpiB [Z8034-3]) (83% identity) dTDP-glucose 4,6-dehydratase B. japonicum and Azorhizobium brasiliense and UDP-4-glucose-epimerases (AF039306 and Z25478). Sequence similarity was particularly high at the N termini of these proteins, where the signature motif GxxGxxG (34) and other conserved residues characteristic of bacterial NAD(P)-binding domains were identified in all aligned proteins, located between positions 8 and 14 of the KIM5s ORF2 product. Notable is that the product encoded by ORF2 is some 50 residues shorter in its C terminus than the related proteins.
The ATG start codon of ORF3 is located 14 bp downstream of the TAG stop codon of ORF2 and is preceded by a potential 5Ј-AGGA-3Ј RBS located 12 bp upstream of the presumptive ATG start codon. ORF3 is 705 bp long, potentially encoding a 235-aa protein of 26.6 kDa. It showed weak but significant similarities to sugar transferases, with the highest matches corresponding to several ␣-GTs, such as WbpY, an ␣-1,3-D-rhamnosyltransferase involved in the synthesis of the A-band Drhamnan O chain from Pseudomonas aeruginosa (48) , and the ␣-mannosyltransferases MtfB and WbaW from E. coli and Salmonella choleraesuis, respectively, which are also involved in O-chain biosynthesis and are part of the rfb operons of these enteric bacteria (8, 57) . It is noteworthy that the product encoded by ORF3 is shorter than these proteins, having a truncated N terminus. The KIM5s ORF3 product and related proteins display the signature sequence Ex 7 E (positions 144 to 152 in ORF3) previously found in some ␣-GTs (6, 25) . Interestingly, even though E. coli WbdP (62) was the protein with the highest homology score in the BLASTP search (32% identity over 150 residues), it does not have the conserved Ex 7 E motif and therefore cannot be properly aligned in this region (data not shown).
The site of insertion of the mTn5 in strain KIM-G1 was precisely mapped by sequencing over the I border cloned in pRePV2 (Fig. 3B) . The insertion disrupted codon 16 (P) of ORF3 and therefore is located at the 5Ј end of the coding sequence.
The putative ATG start codon of ORF4 is located 54 nt downstream of the TAA stop codon of ORF3 and is preceded by a potential 5Ј-AAG-3Ј RBS located 5 nt upstream of the ATG codon. ORF4 is 828 nt long, encoding a putative 276-aa protein of 31.1 kDa. Since no apparent termination or promoter sequences could be located between ORF3 and ORF4, the mTn5 insertion in ORF3 most likely has also a polar effect on ORF4. The product encoded by ORF4 displays significant sequence homology in its N-terminal part with many bacterial proteins, most of which are predicted to be GTs. The KIM5s ORF4 product is similar over almost the entire length with a few proteins, particularly a hypothetical protein from Helicobacter pylori HP0102 (AE000532) (ϳ45% overall sequence identity). Among the proteins of known function, we found enzymes belonging to different classes of ␤-GTs, i.e., ␤3-GlcT , which constitute a signature for this group of GTs. These peptide motifs comprise three invariant acidic residues which could play an important role in catalysis, since these residues possess appropriate side chain reactivity for glycosyl transfer (51) . The three proteins HP0102, WbdO, and WcaE all share with ORF4 a high degree of conservation within the second motif (ExDxGYDYMNKGx 5 G), which could be characteristic of a subfamily of ␤-GTs.
The presence of many stop codons located at short intervals in all three reading frames in the downstream sequence (data not shown) strongly suggests that ORF4 is the last one in the presumed transcriptional unit.
The mutated DNA region of strain KIM-G1 is located on a plasmid. Plasmid profiles of several Rhizobium spp. and Sinorhizobium spp. strains were displayed by using a modified Eckhardt procedure (Fig. 4A) . The plasmids were blotted onto nylon membranes for probing with the DNA probe KIM-P#1 (Fig. 3B) . The Southern hybridization results presented in Fig.  4B indicate that the hybridizing DNA region is plasmid encoded. The plasmid profiles of R. etli KIM5s and CIAT7014 had not been previously reported. The Eckhardt plasmid profiling experiments suggest that the two plasmid DNA bands of KIM5s might actually correspond each to two plasmids of similar size, as judged from the band intensities and visual inspection at high magnification of the profiles of replicate samples (data not shown). Probe KIM-P#1 hybridized with the upper band (Fig. 4B) , which was estimated to have a size of about 680 kb, based on the known sizes of the plasmids present in CFN42 (34a). Importantly, strain CIAT7014 displays a plasmid profile similar to that of KIM5s, although it has an additional small plasmid of about 150 kb not present in KIM5s. (Fig. 3B) . The two plasmid DNA bands displayed by strain KIM5s could each comprise two plasmids of similar size, as might be also the case for CIAT7014, which has an additional smaller plasmid of about 150 kb. The probe hybridizes only with plasmids from R. etli strains, those from KIM5s and CIAT7014 being about 680 kb in size. The signal yielded by strain CFN42 is due to the lps␤2 region located on pCFN42b (of ca. 170 kb).
most similar plasmid profiles, suggesting that these strains have closely related plasmid backgrounds (61) . The lowest plasmid band displayed by strain CFN42 actually comprises plasmids pCFN42a and pCFN42b (8) . The latter carries the lps␤2 region (24), which is recognized by probe KIM-P#1 (Fig. 3) . The lps␤ region was reported to be conserved among R. etli and R. leguminosarum bv. phaseoli strains (24) . The DNA region encoding GTs has a strain-specific distribution. pRePV2 was chosen as template to synthesize DNA probe KIM-P#2, which is specific for the locus mutated by the mTn5 insertion of KIM-G1, spanning the sequences of ORF3 and ORF4 (Fig. 3B) .
Southern blots of EcoRI-digested genomic DNAs of 18 bean microsymbionts were probed with KIM-P#2. The hybridization and the posthybridization washings were performed at high stringency (0.5ϫ SSC and 68°C). Under these conditions, only strains KIM5s and CIAT7014 yielded strong hybridization signals (data not shown). When the ionic strength of the washing solution was reduced to 0.1ϫ SSC, only these two strains hybridized with the probe (data not shown). These results suggest that the DNA region mutated in KIM-G1 has a strainspecific distribution, further supporting the notion that the putative GTs encoded by ORF3 and ORF4 are involved in the synthesis of the variable O antigen and demonstrate that the hybridization signal yielded by the plasmid profile of strain CFN42 with probe KIM-P#1 (Fig. 4) is due to the lps␤2 gene located on pCFN42b.
DISCUSSION
In this paper, we report on the mutagenesis, cloning, complementation, and sequence analysis of a novel DNA region from R. etli KIM5s involved in LPS O-antigen biosynthesis. The mTn5 insertion derivative KIM-G1 exhibited a rough colony appearance, tended to flocculate in liquid culture, and when inoculated on P. vulgaris cv. Saxa elicited pseudonodules devoid of leghemoglobin or bacteria. These phenotypic traits had been previously shown to be characteristic for R. etli strains defective in LPS production (29, (36) (37) (38) .
Comparative DOC-PAGE analysis of the LPS from wildtype strain KIM5s and KIM-G1 confirmed that the mutation affected LPS production, as KIM-G1 appeared to produce only R-LPS, which had the same relative mobility as the R-LPS of the parental strain (Fig. 1) . Subsequent HPAEC and composition analyses showed that the mutant strain produced an intact core, with the core tri-and tetrasaccharides that are common in R. etli and R. leguminosarum (4, 12, 13, 29) . No O-chain residues were detected in LPS preparations from strain KIM-G1. From these results, we concluded that the mutation in KIM-G1 specifically affects O-PS synthesis, leaving the core OSs unaffected. Thus, the mutated locus is involved in LPS O-chain biosynthesis.
Although the structures of LPS molecules are not as well established for rhizobia as they are for enteric bacteria, for clarity we have designated the tetrasaccharide and trisaccharide components of the R. etli (and R. leguminosarum) LPS as the core, as has been done in other recent studies (23, 27) . This designation is based on the fact that purified R-LPS of R. etli contains only these moieties and an additional Kdo residue (10a, 47) . The other carbohydrate residues, such as the GlcNAc, Fuc, Xyl, Gal, and quinovosamine residues (i.e., the minor components), identified in this study are found only in association with S-LPS and therefore may be defined as Oantigen components. In addition, the tetrasaccharide and trisaccharide components have been found in every strain of R. etli and R. leguminosarum studied to date (29) , showing that they are conserved in these species. In contrast, the other components are strain specific, and this variable OS portion defines the O antigens of many species, including R. etli and R. leguminosarum (29) .
The O chains of R. etli and R. leguminosarum strains that have been characterized, such as that from strain CFN42, contain complex repeating units and nonrepeating oligosaccharides (10a, 23, 29) . Strain KIM5s also produces a complex O antigen that appears to contain sequential DPS of a repeating unit, as well as nonrepeating oligosaccharides. The apparently modal (regulated) distribution of O-chain lengths displayed by KIM5s (Fig. 1) is reminiscent of the situation found in the heteropolymeric O antigens produced, for example, by Salmonella enterica strains of serogroups B and E and could indicate the action of a control system for O-chain polymerization such as the Salmonella Rol protein (52, 65) . However, there is no experimental evidence indicating the existence of such a system in the rhizobia, and control of the O-chain length in these bacteria may involve completely different mechanisms, such as O-methylation of the capping glycosidic residue(s) (29, 65) .
The monosaccharide composition of the O-PS from KIM5s is clearly different from that of CFN42 (23) , demonstrating that it is a strain-specific antigen. The structural specificity of the O antigen indicates that each strain must carry unique genes involved in LPS biosynthesis. This notion is supported by genetic evidence presented in this report based on Southern hybridization data for genomic DNAs from 18 bean microsymbionts and probe KIM-P#2, which hybridized only with the homologous strain KIM5s and one other strain, CIAT7014. This result suggests that the mutated region, which encodes two GTs, appears to have a strain-specific distribution among R. etli strains.
In this regard, Rhizobium spp. are quite different from Sinorhizobium spp., in which the LPS is a highly conserved antigen throughout the genus (22, 46) . The K antigens are the strain-specific antigens in the sinorhizobia (22, 43, 45, 46) . The production of K antigens by cultured cells of wild-type strains of Rhizobium spp. has not been observed, which was also true of R. etli KIM5s. In contrast, its mutant derivative KIM-G1 was found to produce a non-LPS, acidic polysaccharide that migrated as a low-mobility ladder pattern on polyacrylamide gels (Fig. 1A) . This polysaccharide required an alcian blue prestain to appear on the gel, similar to the K antigens of Sinorhizobium spp. (43) . This phenomenon has been observed in other LPS mutants of rhizobia (47) and in a pb Ϫ derivative from R. etli CFN42 (61). One possible explanation for the production of a specific component by the mutant but not by the wild-type strain is that by this means the cell can compensate in part for the loss of the O antigen. It is not clear, however, why laboratory-cultured cells of wild-type R. etli do not produce this class of polysaccharide. Conceivably the unique polysaccharide produced by R. etli KIM-G1 is, in fact, a K antigen, as genetic analysis of R. etli has shown that it carries the K-antigenspecific rkpABCDEF operon (47) .
Three ORFs were identified in this report as the likely components of the putative transcriptional unit disrupted by the mTn5 insertion in strain KIM-G1. ORF2, located upstream of the insertion site, probably encodes a sugar nucleotide epimerase or dehydratase, containing the strictly conserved motif GxxGxxG at its N terminus. This motif is characteristic of prokaryotic NAD(P)-binding domains (34, 67) . The highest homology was found to EpiB, a putative dTDP-glucose-4,6 dehydratase from M. tuberculosis (17) . Such an enzyme may be involved in the synthesis of 6-deoxy and dideoxy sugars (33) , which are present in the O antigen of KIM5s.
ORF3 was disrupted at its 5Ј end by the mTn5 insertion in strain KIM-G1, and complementation of KIM-G1 with pRePV7.2CMCS-2 unequivocally demonstrated that the insertion is the sole cause for the mutant phenotype. When provided in trans, this plasmid restores the S-LPS, full nodulation and N 2 fixation capabilities lost by the mutant. ORF3 could encode for an ␣-GT, as it exhibits the ExE motif which is highly conserved in the family of prokaryotic ␣-ManTs (25) . This motif has also been found in other prokaryotic GTs, including ␣3-GalTs, ␣6-GalTs, and ␣2-GlcNAcTs (6). Geremia et al. (25) have proposed that all prokaryotic ␣-mannosyltransferases share the signature peptide ExFGxxxxE, a more specific version of the ExE motif. This signature peptide is also present in the R. leguminosarum core OS ␣-mannosyltransferase LpcC (27) . The putative ␣-1,3-D-rhamnosyltransferase WbpY from P. aeruginosa (48) also shares this more specific motif, indicating that it is not absolutely specific for ␣-mannosyltransferases. Even though ORF3 displays significant homology to several ␣-mannosyltransferases, and mannose was identified as one of the components of the O-PS from KIM5s, it does not contain the FG residues of the diagnostic ExFGxxxxE signature peptide. For these reasons, and as supported by HCA (data not shown), ORF3 is tentatively considered to encode an ␣-GT of unknown substrate specificity. The mTn5 insertion in ORF3 probably has a polar effect on the downstream ORF4 (Fig. 3C ). ORF4 most likely encodes a ␤-GT, since it displays significant homology in its N terminus with a number of known ␤-GTs. Two peptide motifs (Ex 4 (D/N)x 2 SxD and Gx 5 NxGx 5 Gx 9 D) similar to those found in some ␤-GTs (6, 51) were found to be conserved among numerous proteins. However, the position of the conserved acidic residues is slightly different in the KIM5s ORF4 product and related proteins.
Upon HCA analysis, the KIM5s ORF4 product displays similarities over the entire sequence (data not shown) to putative GTs WcaE and WbdO (56, 62) from E. coli. It also contains a more specific version (ExDxGIYDAMNKGx 5 Gx 9 D) of the second peptide motif described above, which could be a signature for a subfamily of ␤-GTs.
The lps␤2 gene, recently described by García de los Santos and Brom for R. etli CFN42 and located on plasmid pCFN42b (24) , is found in KIM5s downstream of ORF4, in an opposite transcriptional orientation (Fig. 3C) . The complete lps␤2 gene and two other ORFs located further upstream were cloned in an overlapping 8.0-kb EcoRI fragment, which was found by using the same strategy as for pRePV7.2CSK (61) . The complete KIM5s Lps␤2 gene product shows 96% identity with that of CNF42, has the same length, and complements strain CE168 (lps␤2::Tn5 derivative of CFN42) (15) ; consequently, these genes are considered to be allelic forms (61) , and thus probe KIM-P#1 hybridizes with pCFN42 (Fig. 4) . Interestingly, the KIM5s lps␤2 allele is present as a monocistronic transcript, lacking the lps␤1 gene found in CFN42 (24) , indicating a difference in gene organization around the lps␤2 locus in these two Mexican R. etli strains. Furthermore, since lps␤1 and lps␤2 appear to be the only LPS biosynthesis genes on pCFN42b (24) , and since probe KIM-P#2 hybridizes with genomic DNAs from KIM5s and CIAT7014, but not with genomic DNA from CFN42, the locus that we identified in strain KIM-G1 actually represents a novel plasmid-encoded lps region, mapped to a 680-kb plasmid present in strains KIM5s and CIAT7014, but not in other R. etli strains tested. The nucleotide sequence of this region is the first one available for Rhizobium spp. encoding for gene products involved in LPS O-chain synthesis.
